Objective To evaluate and compare the diagnostic accuracy of the Heidelberg retina tomograph (HRT) version 3 with that of glaucoma specialists using stereophotography in discriminating between normal eyes and patients with early glaucomatous visual field loss. Methods A total of 105 eyes of 105 individuals were prospectively and consecutively recruited. The sample comprised 51 normal and 54 early glaucomatous eyes, as defined by intraocular pressure and standard automated perimetry results, regardless of optic disc appearance. Receiver operating characteristic (ROC) curves were plotted for the HRT3 parameters and a linear discriminant function (LDF) developed in our hospital. Best sensitivity-specificity pairs were compared between the HRT3 parameters, with the highest areas under the ROC curve (AUCs) and evaluation of optic disc stereophotographs. Agreement between methods for measuring vertical cup-to-disc ratio was evaluated with the Bland-Altman plot. Results The average visual field mean deviation was -2.90 dB. The HRT3 parameters with the largest AUCs were our LDF (0.900), rim volume (0.883), and vertical cup/disk ratio (0.880), with no significant differences between these parameters. Sensitivity-specificity pairs were 79.6-100% (clinical evaluation), 83.3-86.3% (our LDF), 64.8-96.1% (final glaucoma probability score), and 68.5-90.2% (global Moorfields regression analysis).
Introduction
The natural evolution of primary open-angle glaucoma implies the loss of ganglion cells and their axons in the retina. 1, 2 Damage to the retinal nerve fibre layer (RNFL) is usually followed by changes in the optic nerve head (ONH) and typical visual field defects. Because of the wide variability of normal optic disc morphology, a definitive glaucoma diagnosis based on the ONH morphology often depends on the observer's experience and is therefore quite subjective. Thus, during the last several years, different automatic diagnosis techniques have been developed. One of these methods is the Heidelberg retina tomograph (HRT), which provides quantitative and objective measures of the optic disc and the peripapillary RNFL. The latest version of the HRT software contains the Advanced Glaucoma Analysis 3.0. HRT3 provides larger, ethnic-selectable normative databases, and includes new data analysis tools such as the Glaucoma Probability Score (GPS). 3, 4 Most HRT3 analyses require prior manual outlining of disc boundaries. The GPS, however, does not rely on reference planes and does not need for a contour line drawing, reducing the dependency on operator skill.
The ability of the HRT to detect glaucomatous changes has been extensively validated. [5] [6] [7] [8] [9] Nevertheless, the accuracy of HRT for glaucoma diagnosis should be compared with that of clinical ONH evaluation by stereophotography, which is considered the reference standard for assessing optic disc damage, 10 to clarify the advantages of this new device.
Several factors threaten the internal and external validity of a study of diagnostic accuracy, a fact that inspired the launch of the Standards for Reporting of Diagnostic Accuracy (STARD) initiative. 11 The objective of the STARD initiative is to improve the quality of the reporting of studies of diagnostic accuracy. Shunmugan and Azuara-Blanco 12 evaluated the quality of the reporting of diagnostic accuracy using the HRT and found that it was suboptimal. Thus, they suggested the STARD initiative to improve the quality of these studies. The design of the present study followed all 25 items of the STARD guidelines.
The objective of this study was to evaluate and compare the diagnostic ability of optic disc stereophotography assessment by a glaucoma specialist and the HRT3 to discriminate between normal eyes and eyes with mild glaucomatous defects in standard automated perimetry (SAP). To our knowledge, this is the first study to perform this comparison. Our case-sample consisted of a group of patients with high intraocular pressure (IOP) and mild SAP defects.
Materials and methods

Subjects and measurement protocol
The study protocol adhered to the tenets of the Declaration of Helsinki for humans in biomedical research. The ethics committee of our hospital approved the study and written informed consent was obtained from all participants.
Subjects
From January 2008 to June 2008, 118 consecutive subjects were prospectively pre-selected from two outpatient clinics under the area of influence of the Miguel Servet University Hospital, Zaragoza, Spain.
Normal eyes were recruited from patients referred for refraction that underwent routine examination without abnormal ocular findings, hospital staff, and relatives of patients in our hospital. Inclusion criteria for all patients were best corrected visual acuity of 20/30 or better, refractive error not exceeding 5.00 diopters sphere and/ or 2.00 diopters cylinder, no previous intraocular surgery, age over 18 years, and transparent ocular media (nuclear colour/opalescence, cortical or posterior subcapsular lens opacity o1) according to the Lens Opacities Classification System III system. 13 The exclusion criteria were previous intraocular surgery, diabetes or other systemic diseases, history of ocular or neurologic disease, current use of a medication that could affect visual field sensitivity, or visual field losses greater than mild defects according to the Hodapp-Parrish-Anderson score. 14 Initial damage in SAP was defined as a mean deviation greater than -6 dB; or less than 18 points lower than the 5% probability level in the pattern plot; and/or less than 10 points lower than 1% and an absence of points lower than 5% in the central 10 degrees, and no points lower than 15 dB at any location.
Two of the pre-selected subjects did not provide informed consent and six subjects did not complete all of the required tests. In five subjects, GPS analyses produced only a global result or no results, because the GPS model was partially or completely incompatible with the shape of the ONH. All of these subjects were excluded from further analysis. Finally, 105 subjects of Caucasian origin were included in the study. One eye from each subject was randomly chosen, unless only one eye met the inclusion criteria.
All participants underwent a full ophthalmologic examination including biomicroscopy, gonioscopy, Goldmann applanation tonometry, pachymetry (model DGH 500; DGH Technology, Exton, PA, USA), and ophthalmoscopy of the posterior segment. At least two reliable SAP tests were performed using a Humphrey Field analyzer, model 750i (Humphrey Field Analyzer; Carl Zeiss Meditec, Dublin, CA, USA), with the SITA Standard 24-2 program. Near addition was added to the subject's refractive correction. If fixation losses and false positive or false negative rates were greater than 20%, the test was repeated. The last reliable perimetry test obtained was used in the analysis to minimise the learning effect. 15 Abnormal SAP results were considered to have a reproducible glaucomatous visual field loss in the absence of any other abnormalities to explain the defect. Visual field loss was defined as a pattern standard deviation significantly above the 5% level and/or a Glaucoma Hemifield Test outside normal limits. The subjects completed the perimetry tests before undergoing any clinical examination or structural test. Each SAP test was performed on different days to avoid inducing a fatigue effect.
Clinical assessment of the ONH was performed after mydriasis (0.5% tropicamide; Alcon Laboratories Inc., Fort Worth, TX, USA) by evaluating stereophotographs of the optic disc (Canon CF-60UV fundus camera; Canon Inc., Tokyo, Japan). Glaucomatous damage was defined as focal or diffuse neuroretinal rim narrowing with concentric enlargement of the optic cup, localised notching, or both. 16 Two glaucoma specialists masked to patient identity and clinical history evaluated the photographs using a stereoscopic viewer and classified the eyes as glaucomatous or normal. The stereophotographs were examined independently and any disagreement was resolved by consensus.
Topographic analysis of the optic disc was performed using the HRT3 (Heidelberg Engineering, Dossenheim, Germany), which provides topographic measurements of the ONH derived from 16 to 64 optical sections to a depth of 4 mm, depending on the longitudinal field of view. 17 The spherical equivalent refractive error of each eye was adjusted in the dioptric ring of the HRT. Magnification errors were corrected by the software based on keratometric readings. Topographic images were then obtained through dilated pupils (0.5% tropicamide) and analysed using the Advanced Glaucoma Analysis 3.0 software. All scans had to have an interscan standard deviation of less than 30 mm. The margin of the optic discs was manually traced by the same glaucoma specialist, who was masked to the patients' identity and clinical history, defining the inner edge of the Elschnig's ring with at least a four-point contour line. The global stereometric parameters investigated in this study were cup area, rim area, cup/disc area ratio, rim/disc area ratio, cup volume, rim volume, mean cup depth, maximum cup depth, height variation contour, cup shape measure, mean RNFL thickness, RNFL cross-section area, horizontal cup/disk ratio, vertical cup/disk ratio, maximum contour elevation, maximum contour depression, contour line modulation temporal-superior, contour line modulation temporal-inferior, average variability, reference height, FSM (FS Mikelberg) discriminant function value, 18 and RB (RO Burk) 19 discriminant function value. We also evaluated a linear discriminant function (LDF) developed in our hospital, 20 and GPS 3, 4 and Moorfields regression analysis (MRA) classifications. 6 Both, GPS and MRA, provided a global classification (derived for the entire image area), sector classifications (disease probability scores for each of the six sectors in which the optic disc is divided), and a final classification (an overall result based on the combination of both sector and global results).
All ophthalmic examinations, perimetry tests, and the topographic analysis were performed within 6 weeks of the subject's date of enrollment into the study.
Classification into groups
Healthy eyes had an IOP of less than 21 mmHg, no history of increased IOP, and a normal SAP. Glaucomatous eyes had an IOP greater than 21 mmHg (on at least three readings on different days) and typical SAP defects, regardless of the appearance of the optic disc.
Statistical analyses
All statistical analyses were performed using SPSS (version 15.0; SPSS Inc., Chicago, IL, USA) and MedCalc (version 9.6.4.0 MedCalc Software, Mariakerke, Belgium) statistical software. Differences between groups were assessed using a two-tailed Student's t-test. A P-value of less than 0.05 was considered to be statistically significant. First, the Kolmogorov Smirnov test was applied to check that the data were normally distributed. The receiver operating characteristic (ROC) curves were plotted between normal and glaucomatous eyes for all global HRT3 stereometric parameters and our LDF. The ROC curve has a trade-off between sensitivity and 1-specificity (false positive rate). An area under the ROC curve (AUC) of 1.0 represents perfect discrimination, whereas an AUC of 0.5 represents chance discrimination. ROC curves were used to assess the usefulness of each parameter for differentiating glaucomatous eyes from healthy eyes. Differences between the AUCs were tested using the Hanley-McNeil method. 21 Sensitivities at 95% (5% false positive rate) fixed specificity were calculated for the HRT3 parameters. The diagnostic ability of the final and global colour-coded MRA and GPS classifications were also calculated. The cutoff points were defined by the MedCalc software as the points with the best sensitivity-specificity balance. Positive and negative likelihood ratios (LRs) were calculated for these classifications. 22 A positive LR is the ratio between the probability of a positive test result given the presence of the disease and the probability of a positive test result given the absence of the disease (sensitivity/1-specificity) or true positive rate/false positive rate). The LR for a given test result indicates how much that result increases or decreases the post-test probability of disease. 23 A negative LR is the ratio between the probability of a negative test result given the presence of the disease and the probability of a negative test result given the absence of the disease (1-sensitivity/specificity or false negative rate/true negative rate). An LR value of 1 indicates that the test provides no additional information, but ratios higher or lower than 1 indicate an increased or decreased post-test probability of disease, respectively.
After confirming that the values for each of the variables were normally distributed, Pearson correlations were calculated between the vertical cup-to-disc ratio evaluated in stereophotographs and the vertical cup/disk ratio measured with the HRT3 in the total sample and in normal and glaucomatous populations.
To determine the agreement between the vertical cup-to-disc ratio evaluated in stereophotographs and the vertical cup/disk ratio measured with the HRT, a Bland-Altman plot was produced. The Bland and Altman plot 24, 25 is a statistical method used to assess agreement between two measurement techniques. This graphical method was used to plot the differences between clinical and HRT ONH assessments against the averages of both techniques. Horizontal lines were drawn at the mean difference, and at the mean difference plus and minus 1.96 times the standard deviation of the differences. If the differences within the mean ± 1.96 standard deviations are not clinically important, the two methods may be used interchangeably. The plot is useful for revealing the relationship between the differences and the averages and is useful for identifying systematic biases and possible outliers.
Results
The Kolmogorov Smirnov test confirmed that all variables analysed in this study had a normal distribution. Table 1 shows the clinical characteristics of both groups included in the study. The normal group consisted of 51 eyes of 51 healthy individuals (mean age 59.1 ± 9.6 years). The glaucoma group included 54 eyes of 54 patients (mean age 61.9 ± 6.8 years): 43 with primary open-angle glaucoma, 10 with pseudoexfoliative glaucoma, and 1 with pigmentary glaucoma. Age (P ¼ 0.087), best corrected visual acuity (P ¼ 0.168), central corneal thickness (P ¼ 0.342), and disc area measured with the HRT3 (P ¼ 0.090) did not differ significantly between the groups.
The HRT3 parameters with the greatest AUCs (Table 2 ) were our LDF, rim volume, and vertical cup/disk ratio. There were no significant differences between the AUCs for these three parameters (Figure 1) . At a fixed specificity of 95%, our LDF, and the FSM and RB discriminant functions had the best sensitivity values. The parameters with best sensitivity-specificity pairs were clinical evaluation of the ONH, our LDF, final GPS and global MRA (Table 3 ). Final and global GPS had the highest positive LRs, whereas rim volume and vertical cup/disk ratio showed the lowest negative LRs.
In the total sample, vertical cup-to-disc ratio evaluated on stereophotographs strongly correlated with the vertical cup/disk ratio measured with the HRT3 (0.845; Po0.001). This correlation was 0.709 (Po0.001) in the normal group and 0.807 (P ¼ 0.001) in the glaucoma group.
The Bland-Altman plot ( Figure 2 ) did not reveal a significant difference between measurements of the vertical cup-to-disc ratio with stereophotographs and HRT3 (slope, 0.0056±0.05; P ¼ 0.918). Only in five cases (4.8%) was the difference between both methods greater than 1.96 standard deviations from the mean.
Discussion
To minimise glaucomatous damage, the recognition of optic disc changes at an early stage of the disease is a key point. Numerous studies [5] [6] [7] [8] [9] 26 have been performed to determine the best HRT parameters for discriminating between healthy and glaucoma subjects. Others studies [18] [19] [20] 27 have focused on developing discriminant functions to improve the diagnostic ability of HRT parameters. Here, we compared the usefulness and accuracy of single and combined parameters, LDFs, of the HRT3 with observations by an experienced ophthalmologist in patients with initial visual field defects for detecting glaucomatous changes. The design of our study included a single homogeneous population for the comparison of two different diagnostic methods. In our population sample, disc areas were similar between the normal and glaucoma groups, which is a critical factor when comparing groups because several HRT parameters are directly related to disc size. 5, 27 MRA and GPS are also disc size dependent, 4, 9 and tend to classify small and large optic discs with lower sensitivity and greater specificity than medium-sized discs. Clinicians must take disc size into account when interpreting HRT outcomes. 5, 28 ROC curves were only plotted for the global stereometric parameters and global GPS numerical values because the MRA and colour-coded GPS classifications are not continuous variables. The small number of categories in these cases might lead to an underestimation of the AUC. 29 The optic disc morphology correlated with findings from the tests used for evaluation (stereophotographs and HRT); therefore, the groups were classified regardless of optic disc appearance to avoid an overestimation of the sensitivity and specificity of the variables. 30, 31 In general, a difference of up to 4% can be expected between data obtained with the previous HRT version (HRT2) compared with HRT3. A horizontal scaling error in the HRT2 reported by the manufacturer, in which the horizontal stereometric measurements were increased by 4%, was corrected in the HRT3. 32 The new v3.0 software for the HRT glaucoma module has enhanced alignment algorithms and therefore has somewhat better performance for glaucoma diagnosis. 33 Traditionally, physician drawings and photographic documentation of the ONH have been the bases of glaucoma management. ONH evaluation is subjective, however, and stereophotographs are not always taken in clinical practice. Thus, there is a low rate of compliance with the recommendations for ONH documentation in HRT, Heidelberg retina tomography; AUC, area under the receiver operating characteristic curve; SD, standard deviation; CI, confidence interval; RNFL, retinal nerve fibre layer; CLM, contour line modulation; GPS, glaucoma probability score; LDF, linear discriminant function. Parameters are ranked in descending order of sensitivity.
the preferred practice patterns for glaucoma. [34] [35] [36] [37] Fremont et al 36 found that almost half of glaucoma patients did not have a photograph or drawing of the ONH made at their first evaluation. Although ONH evaluation is relatively easy to perform using a slit-lamp with a bi-convex lens, interpreting and recording the observed data may be more difficult. The HRT provides objective and quantitative measurements that are highly reproducible and easier to obtain than stereophotographs. Moreover, HRT may be useful as a first objective diagnostic approach and provides baseline data for detecting changes in the follow-up examinations. Non-quantitative changes, however, such as disc hemorrhage, optic disc pallor, parapapillary atrophy, or RNFL defects, cannot be measured with this imaging technology.
In the present study, the ability to discriminate between healthy and glaucomatous eyes was similar for the glaucoma specialist and the HRT3. Subjective evaluation of stereophotographs and HRT3 showed good agreement in measuring the vertical cup-to-disc ratio. Thus, based on Bland-Altman plot results and the strong correlations between the two methods, these methods can be used interchangeably in clinical practice. Nevertheless, the vertical cup-to-disc ratio is highly dependent on optic disc size. 38 Large optic discs have physiologically increased cupping that may be confused with glaucoma, and conversely, small glaucomatous discs may not show any perceptible cupping or neural rim atrophy. Therefore, the disc size should always be considered when evaluating the ONH.
The LDFs, our LDF 20 and the HRT-provided LDFs (FSM 18 and RB 19 ), were the parameters with the highest sensitivities at a 95% fixed specificity. The LDFs represent a combination of variables whose value is as similar as possible within groups and as different as possible between groups. Therefore, we suggest that LDFs, or even a combination of learning classifiers, be used to increase the diagnostic ability of single HRT variables.
In our study, the clinical ONH evaluation was very conservative (100% specificity). GPS and global MRA classifications, however, also had a very high specificity at early stages of the disease. GPS exhibited higher specificities (and the highest negative LR) and somewhat lower sensitivity than MRA classification, which indicates that an abnormal GPS result is associated with a big change in the post-test probability of disease, and therefore has a greater ability to confirm the presence of glaucoma. Rim volume and the vertical cup/disk ratio had the lowest negative LRs, and therefore were the most accurate parameters for excluding the presence of glaucoma. Differences in study design and visual field loss severity make it difficult to compare results among studies. Obviously, visual field loss severity strongly influences imaging instrument sensitivity. 9, 28 Our sample comprised individuals with mild visual field defects, but more severe disease would be expected to be associated with increased sensitivity.
In four (7.8%) control subjects and one (1.8%) patient with glaucoma, the GPS was unable to provide a classification, and these cases were excluded from our study. Coops et al 4 suggested that in normal individuals, the failure of GPS to match the surface of the optic disc occurred most often in small and crowded discs, but they could not identify a single distinct cause of failure in the glaucoma group. The quality of the data obtained by the imaging devices is influenced by the media opacity, retinal pigment epithelium status, instrument variability, and positioning and centering of the images, and therefore, these factors should be taken into account when assessing HRT. Moreover, in clinical practice, the interpretation of disc size or changes in the ONH based on stereophotographs may be difficult for discs with atypical morphology. In these cases, the performance of both methods may be worse.
Our results confirm the usefulness of HRT3 for early glaucoma diagnosis, and indicate that the performance of this device in diagnosing glaucomatous changes is similar to that of a well-trained ophthalmologist. In other words, a technician using HRT3 may achieve the diagnostic accuracy of an expert when dealing with these difficult cases. These results are consistent with those of other studies, [39] [40] [41] [42] in which the HRT2 was reported to have a similar sensitivity for diagnosing glaucoma as clinical assessment using stereoscopic optic disc photographs, and provide validation for the HRT3. 
